Abstract: Two-photon ophthalmoscopy has potential for in vivo assessment of function of normal and diseased retina. However, light safety of the sub-100 fs laser typically used is a major concern and safety standards are not well established. To test the feasibility of safe in vivo two-photon excitation fluorescence (TPEF) imaging of photoreceptors in humans, we examined the effects of ultrashort pulsed light and the required light levels with a variety of clinical and high resolution imaging methods in macaques. The only measure that revealed a significant effect due to exposure to pulsed light within existing safety standards was infrared autofluorescence (IRAF) intensity. No other structural or functional alterations were detected by other imaging techniques for any of the exposures. Photoreceptors and retinal pigment epithelium appeared normal in adaptive optics images. No effect of repeated exposures on TPEF time course was detected, suggesting that visual cycle function was maintained. If IRAF reduction is hazardous, it is the only hurdle to applying two-photon retinal imaging in humans. To date, no harmful effects of IRAF reduction have been detected.
Introduction
In many blinding retinal diseases, severe function loss precedes any detectable structural changes in the retina, impeding a timely diagnosis. Depending on the disease, certain cell types are affected first. Photoreceptor dystrophies [1] initially compromise either rod or cone function [2, 3] , whereas glaucoma manifests in diminished ganglion cell responses [4] . Objective methods currently used to assess outer retinal function include electroretinography [5, 6] and rhodopsin densitometry [7] . However, in both techniques, several retinal layers contribute to the signal, generating artifacts and complicating data interpretation [8] [9] [10] . To facilitate the diagnosis and prognosis of retinal diseases as well as the assessment of therapeutic interventions, more reliable, noninvasive methods are needed to evaluate retinal function.
Multiphoton microscopy [11] is a well-established technique for intravital imaging of exogenous functional reporters at subcellular resolution [12, 13] . This technique can also be used to image endogenous fluorophores and thus to noninvasively observe biochemical processes as they occur in cells of healthy and diseased tissue. Multiphoton excitation [14] [15] [16] offers a special advantage for ophthalmoscopy, because important fluorophores such as NAD(P)H [17] [18] [19] and retinoids [20, 21] can only be accessed with UV light, a spectral range that is blocked by the anterior optics of the human eye [22] and raises concerns over light safety [23] . Recently, adaptive optics two-photon excitation fluorescence (TPEF) ophthalmoscopy has been demonstrated in the living macaque eye [24] [25] [26] . Many cell types throughout the retina, including ganglion cells, could be visualized, with photoreceptor outer segments providing the strongest signal [25] . Consequently, the photoreceptor layer requires the lowest light levels for two-photon imaging making it an attractive target for first application in the living human eye.
Photoreceptor cells have long been of particular interest because they contain the lightsensitive photopigment, 11-cis-retinal. Once this photopigment is bleached, the photoreceptors become the site where the visual (retinoid) cycle is initiated. This cycle, a chain of biochemical reactions, is fundamental to maintain visual function as it constantly regenerates the photopigment. This occurs in several steps involving numerous enzymes and chaperone proteins [27] [28] [29] [30] . Deficiency in any of these steps due to genetic mutations, dietary factors or age will result in slowed photopigment regeneration [28] , retinal disease or even blindness [28, 31, 32] . At an excitation wavelength of 730 nm, TPEF from photoreceptors has been shown to vary over time and to depend on the quantity of available photopigment [26] . Studies suggest that the dominant source contributing to the time-varying TPEF from photoreceptor outer segments is all-trans-retinol, an intermediate component of the visual cycle [33] [34] [35] [36] [37] [38] . Therefore, the kinetics of all-trans-retinol, i.e. the production and clearance rates, are directly related to photopigment regeneration [39] and tracking the time-varying TPEF could provide diagnostic and prognostic insights into retinal diseases. In the future, this technique might serve as a clinical tool for functional assessment of the retina prior to structural defects.
An obstacle to applying in vivo TPEF ophthalmology in humans is ensuring the use of safe light levels. Light damage is known to be multifactorial in nature and the system comprised of photoreceptor cells and the retinal pigment epithelium (RPE) is particularly vulnerable due to the abundance of light absorbing photopigments [40] . Efficient two-photon imaging currently requires the use of sub-100 fs pulsed lasers as the pulse duration is inversely related to the likelihood that two photons arrive at the targeted fluorophore within a very short time [16] . Pulsed light sources generate peak powers that have the potential to cause mechanical, photochemical and thermal damage [40, 41] , however, due to the lack of data, appropriate safety standards are not well established [42] . Because of the lower efficiency of two-photon compared to conventional reflectance imaging, the retina must be exposed to higher IR light levels. Additionally, as a consequence of the nonlinear excitation, signals from chromophores with absorption spectrum in the UV range can be generated within the retina by the pulsed IR light. It is not known what impact these exposures might have on retinal structure and function. Before TPEF ophthalmoscopy can be deployed in humans, it is essential to establish light levels that are as low as possible and safe but sufficient to reliably track all-trans-retinol kinetics. Given the similarities between the eyes of old world monkeys and humans in terms of retinal morphology and physiology, this family of primates is the most appropriate animal model to study. Here, we examined the effects of exposure to ultrashort pulsed light in macaque to test the feasibility of safe two-photon imaging in the living human eye.
Methods

Animal preparation
Over the course of the study the eyes of two macaques (animal 1: macaca fascicularis, male, 8 y/o; animal 2: macaca mulatta, female, 5 y/o) were imaged. Animals were handled in accordance with a protocol approved by the University of Rochester's Committee on Animal Resources and with the ARVO policy for animal use in research. Imaging sessions with clinical devices lasted approximately 45 min. Anesthesia was induced with ketamine (6 mg/kg) and medetomidine (0.15 mg/kg). For angiographies, 7.7 mg/kg of sodium fluorescein was intraveneously administered. At the end of the imaging session, anesthesia was reversed with 0.2 mg/kg of atipamezole. High resolution retinal imaging sessions lasted for a maximum of 6 h. Anesthesia was initiated with ketamine (5-20 mg/kg), midazolam (0.25 mg/kg) and glycopyrrolate (0.017 mg/kg) and maintained with isofluorane (1.5-3%) for the duration of the experiment. The animal's body temperature was maintained at 37.8-38.9 °C with a heated air flow system and warming packs. A trained animal technician constantly monitored vital signs and recorded these every 15 min. Lactated Ringer's solution was given via intravenous drip for fluid replenishment. The paralytic rocuronium bromide (20-55 μg/kg/hour) was administered and the animal was artificially respirated. After completion of the experiment, paralysis was reversed with neostigmine (0.05 mg/kg) and glycopyrrolate (0.01 mg/kg). Pupil dilation and cycloplegia were induced with up to 4 drops of phenylephrine hydrochloride (2.5%) and tropicamide (1%). If the pupil did not fully dilate, up to 4 drops of cyclopentolate were given in addition. A lid speculum held the eye open and a contact lens lubricated with Genteal (Alcon, Fort Worth, Texas) prevented dehydration and corrected for refractive errors. A stereotaxic cart consisting of an XYZ-stage combined with a two-axis goniometer was used to align the animal's pupil with the exit pupil of the imaging system and to steer the imaging light to different retinal locations.
Auxiliary imaging
In previous studies, light damage has been assessed with clinical images exhibiting at least one of the following: local intensity changes in fundus images or optical coherence tomography (OCT) images, depigmentation in color fundus photographs, window defects in fluorescein angiograms, or changes in high resolution reflectance images of photoreceptors or fluorescence images of the RPE [43] [44] [45] [46] . Here, we employed a range of clinical and laboratory imaging techniques (see Table 1 for details).
A confocal scanning laser ophthalmoscope (cSLO; Spectralis HRA + OCT, Heidelberg Engineering, Heidelberg, Germany) was used to obtain 30° field-of-view images in each of the following modalities: blue-light reflectance (BR), blue-light autofluorescence (BAF), infrared reflectance (IR), and infrared autofluorescence (IRAF). Fourier-domain OCT scans were captured with the same instrument. A fundus camera (TRC, Topcon Corporation, Tokyo, Japan) was used to obtain 50° field-of-view fundus photographs (color and red-free) as well as fluorescein angiograms.
Additional high resolution imaging was performed with a single-photon adaptive optics scanning light ophthalmoscope (SP-AOSLO) to record lipofuscin autofluorescence of RPE. Lipofuscin fluorescence was excited with a 561 nm laser at 35 µW and imaged with an emission filter centered at 624 nm (Δ40 nm). This instrument has been described previously [45] [46] [47] [48] . 
Two-photon adaptive optics scanning light ophthalmoscope
A custom-built two-photon adaptive optics scanning light ophthalmoscope (TP-AOSLO) was used in this study. The instrument has been described in detail elsewhere [25, 26] . The TP-AOSLO employed three light sources in the near IR: a laser diode (QFLD-850-20S, QPhotonics, Ann Arbor, MI, USA) emitting at 840 nm with maximum power output at the system's exit pupil of 50 µW for wavefront sensing, a superluminescent diode (SLD; S-790-G-I-15, Superlum, Carrigtohill, Ireland) emitting at 790 nm with maximum power output of 250 µW for confocal reflectance imaging and a pulsed Ti:Sapphire laser (MaiTai XF-1 with DeepSee attachment for dispersion compensation, Spectra-Physics, Santa Clara, CA, USA) with a tunable central wavelength between 710 nm and 920 nm for two-photon excitation and confocal reflectance imaging. The repetition rate was 80 MHz. For this study, the pulsed laser was set to a central wavelength of 730 nm (FWHM 15 nm). The second-order dispersion compensated pulse duration was ~55 fs. Adaptive optics was incorporated in the system by means of a custom Shack-Hartmann wavefront sensor (203 µm pitch, 7.8 mm focal length, 2/3x magnification between eye and sensor; Rolera XR QImaging, Surrey, Canada) and a deformable mirror (DM 97-15, ALPAO SAS, Grenoble, France). Photomultiplier tubes (H7422-40 and H7422-50, Hamamatsu Photonics, Hamamatsu, Japan) were used for detection. Non-descanned TPEF emission was collected through two filters with a transmission window from 400 to 680 nm and two filters with a transmission window from 400 to 550 nm (ET680sp-2p8 and E550sp-2p; Chroma Technology Corporation, Below Falls, VT, USA). Videos of photoreceptor structure and time-varying TPEF were simultaneously acquired in the forward and backward scan directions at a frame rate of 22.5 Hz. An average pulsed laser power of 0.5 mW at the cornea and a 1.3° x 1.1° raster scan provided sufficient signal-to-noise ratio (SNR) to reliably track TPEF and routinely image cone photoreceptors in our current TP-AOSLO.
Study design
The timeline of the safety study is laid out in Table 2 . Prior to (week 0 of the study) and 48 hours after exposing the retina to the potentially hazardous pulsed laser (weeks 1, 2, and 3 of the study), the retinas of both animals were imaged with commercial clinical devices. Longterm follow-ups were made 21 weeks after the first exposure. In weeks 1, 2 and 3 of the study, 8 near-peripheral retinal locations (1.3° x 1.1°) were exposed in each of the two monkeys to the pulsed laser with the TP-AOSLO. The procedure was as follows: The wavefront sensing light source and the 790 nm SLD for reflectance imaging were used over a field of view of 2.2° x 2° to steer to the predetermined retinal location with minimum shadows of retinal vasculature. To be able to return to the same spot for follow-ups, locations in proximity to characteristic vessel patterns were preferred. The field of view was then decreased to 1.3° x 1.1°, the SLD was disabled, the pulsed laser was enabled and focused at the photoreceptor layer. Adjusting the focus took no more than 3 s. All light sources were switched off and the retina was given 15 min to dark adapt. After this adaptation period, the retinal location was exposed for either 40 s to the minimally required power of 0.5 mW (20.4 J/cm 2 ) or 80 s to 1 mW (81.7 J/cm 2 ) of the pulsed laser light. In previous work [26] , at a similar laser power of 0.75 mW, TPEF was observed to increase after dark adapation to a plateau due to stimulation of the imaging laser itself. A minimum duration of 40 s was chosen to allow the TPEF to reach the plateau. The lower exposure corresponded to 5.7 log photopic td and 3.8 log scotopic td. If photopigment regeneration is neglected for simplicity of calculation, this exposure is expected to bleach 96% of the cone photopigment and 3% of the rod photopigment [55] . The higher exposure corresponded to 6.0 log photopic td and 4.1 log scotopic td and bleached approximately 98% of the cone photopigment and 10% of the rod photopigment. However, if the visual cycle is intact, less photopigment should be bleached due to regeneration.
During this exposure, reflectance videos of photoreceptor structure and TPEF videos that assessed the kinetics of the retinoid cycle were simultaneously acquired. Immediately after the exposure, an additional reflectance video was recorded using the SLD over a larger 2.2° x 2° field of view. The total exposure time of 790 nm and 840 nm light over the 2.2° x 2° was limited to 5 min. The imaging source caused an additional retinal radiant exposure of 24.9 J/cm 2 and the wavefront sensing source added 5.0 J/cm 2 . During the dark adaptation period, the animal's eye drifted by no more than 0.2° with respect to the original location. Several weeks after the third exposure, single-photon excitation fluorescence from lipofuscin in the RPE cells underlying the exposed locations was measured. The retinal radiant exposure of the imaging laser in this imaging modality was <5.0 J/cm 2 .
Data processing and metrics
Multimodal clinical imaging
To quantify any changes that could be detected with clinical imaging methods, fundus images were overlaid and manually aligned in Adobe Photoshop (Adobe Systems, Inc., San Jose, CA, USA). Exposed retinal locations were marked according to reflectance images recorded with the AOSLO. As an objective metric, the mean intensity within the central 0.5° × 0.5° region of exposed areas in fundus images acquired with the Heidelberg Spectralis was calculated and divided by the mean intensity of unexposed surrounding control areas. This value was then divided by that measured in the same locations prior to any pulsed laser exposure. A ratio less than 1 corresponded to a decrease in reflectance or autofluorescence intensity. Analogous ratios were used in previous studies to determine visible autofluorescence and IRAF changes [47, 56] .
TP-AOSLO imaging
During AO imaging, high-SNR reflectance videos and low-SNR TPEF videos were recorded simultaneously with the pulsed 730 nm laser. Dual-image registration software [57] computed eye motions from the high-SNR video and applied the correction to both the high and the low-SNR video. The same strategy of co-registration was applied for RPE imaging. Here, the high-SNR video captured photoreceptor reflectance; the low-SNR video recorded RPE autofluorescence.
Following dark adaptation, TPEF increased from the initial value at laser onset to a plateau due to stimulation of the photoreceptors with the imaging laser itself. Only TPEF within cones was extracted to increase the SNR because at 730 nm rods were hardly stimulated. Cones were identified in reflectance images and TPEF within the cone mask of the entire frame was averaged. TPEF from 50 successive frames was binned and exponential functions of the form is compromised in any way, the TPEF time course should be affected as evidenced by a change in time constants and/or relative TPEF increase.
Statistical analysis
Multifactorial (number of times the retinal location was exposed, laser power and subject) analyses of variance (ANOVAs) were used to test for significant effects of the pulsed laser exposures on fundus image brightness (reflectance and autofluorescence), TPEF time constants and relative TPEF increase. Once a statistical significance was found, one-tailed paired Student's t-tests were performed. A p-value less than 0.05 was deemed significant. No correction factors were applied. All error ranges are reported as standard errors. If no statistical significance was detected, power analyses were performed (80% power with 5% level of significance). Figure 1 shows fundus images of exposed retinal areas taken with the confocal SLO in each modality. Exposed retinal locations are marked in panel a. All exposures caused a significant reduction in IRAF (p<0.001). In contrast to other studies [47, 56] , the laser beam was not blanked by an acousto-optic modulator when the galvo scanner approached its return point. Therefore, areas of reduced IRAF were larger than the marked location. The change in intensity versus imaging week is shown in Fig. 2 . Based on a power analysis, the smallest difference in IRAF intensity that could be reliably measured was 7%. The first exposure to 20.4 J/cm 2 decreased IRAF by 17 ± 2% with respect to baseline. The IRAF intensity was reduced with each subsequent exposure, even though the exposures were delivered a week apart (Fig. 2) . After the third exposure, IRAF was reduced by 25 ± 1% compared to the baseline measurement made at the beginning of the study. Following a recovery period of 19 weeks from the last exposure, IRAF intensity had partially recovered (p = 0.01), but was still significantly reduced by 16 ± 3% (p<0.001) ( Fig. 2 and Fig. 3 ). Exposures with 81.7 J/cm 2 had essentially the same effects but with larger magnitudes. The first exposure caused an IRAF reduction of 20 ± 2%, after the third exposure IRAF was reduced by 29 ± 2%, and 19 weeks later IRAF had recovered but was still reduced by 19 ± 1%. No significant change in intensity could be detected in the IR, BR or BAF modalities (p = 0.66, p = 0.10, p = 0.87). No changes were detected in color fundus images (Fig. 4(a) ), fluorescein angiography (Fig. 4(b) ) or OCT (Fig. 5) .
Results
Multimodal clinical imaging
A retina specialist, one of the authors, was asked to inspect all clinical modality data for possible changes potentially caused by the pulsed laser exposures. For initial analysis, exposed locations remained concealed and IRAF fundus images were withheld. In a repeated inspection, the full information was disclosed. Apart from the IRAF reduction, no other abnormalities were present.
To test whether this IRAF reduction was due to a nonlinear effect, the laser pulses were intentionally broadened by inducing dispersion, leading to a less efficient (~1/8) two-photon excitation [58] . As shown in Fig. 6 , exposures with increased pulse durations led to similar reductions in IRAF intensity (low power: t-test: p = 0.17, minimum detectable difference: 26%; high power: t-test: p = 0.28, minimum detectable difference: 13%). After a single exposure to 20.4 J/cm 2 , IRAF decreased by 13 ± 4%, whereas an 81.7 J/cm 2 exposure caused a decrease of 19 ± 4%. 6 . Exposures with ~55 fs pulses and broadened pulses caused a similar decrease in infrared autofluorescence, implying that the decrease is unlikely to be due to a nonlinear effect.
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AOSLO imaging
The photoreceptor and RPE mosaic for two representative locations that were repeatedly exposed to 81.7 J/cm 2 are shown in Fig. 7 . Reflectance images of the photoreceptor mosaic are shown after the first exposure in week 1 (a, d) , and after three cumulative exposures in week 24 (b, d) . In follow-ups, all cone photoreceptors could be re-identified and colocalized with those imaged in previous sessions. Rods could not be repeatedly resolved due to variability in image quality between imaging sessions. Nevertheless, rods appeared unchanged after repeated exposures. In RPE autofluorescence images taken 6 weeks after the third exposure, the RPE mosaic underlying the exposed retinal locations did not appear different from the surrounding areas. Figure 8 shows the time course of TPEF for a 20.4 J/cm 2 and an 81.7 J/cm 2 exposure at two representative retinal locations. Following a dark adaptation period of 15 min, TPEF increased with the onset of the imaging laser to a plateau. Figure 9 shows the time constants and relative TPEF increase extracted from exponential fits to the TPEF time course versus imaging week for both animals. Statistical analysis revealed no significant effect of week of imaging (ANOVA: p>0.29), laser power (p>0.65), or animal (p>0.10) on time constants. The smallest difference in time constants that could be reliably measured was 1.8 s. The average time constant was 6.9 ± 0.4 s. Relative TPEF increase was 0.61 ± 0.03 when measured with the lower exposure and 0.53 ± 0.02 when measured with the higher exposure. The difference in relative TPEF increase was significant (ANOVA: p = 0.023; two-sample t-test: p = 0.014). This difference might be due to the squared increase in TPEF signal when doubling the laser power and the increased bleaching of photopigment [39] . No effect of week of imaging (p>0.26) or subject (p>0.72) on the relative signal increase was observed. The smallest difference in the relative signal increase that could be reliably measured was 0. 
Time course of two-photon autofluorescence
Discussion
Comparison of exposures to damage thresholds and current safety standards
Retinal damage in the ultrashort laser pulse regime still lacks complete characterization. In this regime, laser peak powers are considerably higher, evoking concern for photochemical, thermal and mechanical damage [40] . Here, we compared the tested exposures to established damage thresholds and safety standards.
Special effort is required to deliver sub-100 fs pulses to the retina. The pulsed laser used in this study emitted ~55 fs pulses. Due to the chromatic dispersion properties of refractive elements in the optical setup and the eye itself [59] , any pulse delivered to the retina is blurred in time [60] . The shorter the pulse duration, the broader the spectral bandwidth, and thus the stronger the blur. In this study, second-order dispersion was precompensated for pulses delivered to the retina [61] . We are not yet able to measure the pulse duration at the retina. However, based on ex vivo measurements on bovine eyes [60] , the pulse duration can be expected to be shorter than 100 fs. In the sub-100 fs pulse regime, nonlinear optical effects such as self-focusing and plasma formation cannot be neglected [41, 61] . In the ideal scenario of 55 fs, Gaussian-shaped pulses delivered to the retina with the maximum average power of 1 mW used in this study, the peak power is 214 W.
Calculations based on tested models (detailed in the Appendix) show that this peak power is 4 orders of magnitude too low to cause self-focusing. However, the ultrashort pulses could directly ionize the exposed medium and thus generate ~6·10 12 free electrons/cm 3 . Although this number is too low to cause laser induced breakdown (>10 20 electrons/cm 3 ) [61] or lowdensity plasma (>10 18 electrons/cm 3 ) [62, 63] , these free electrons could interact with tissue molecules and break chemical bonds in a photochemical manner.
Safety thresholds to protect against retinal damage are set forth by the American National Standards Institute and published as the ANSI Z136.1 standard [42] . However, the 2014 version of the ANSI standard does not provide exposure limits for the wavelength and pulse durations used in this study due to the lack of biological data in vivo. Nevertheless, the standard recommends limiting the peak irradiance to the maximum permissible exposures (MPEs) applicable to 100-fs pulses. For 100-fs pulses, the 2014 standard is at least 10 times less restrictive than the 2007 standard. MPEs were determined in a way similar to that previously published for AOSLOs employing continuous-wave light sources [43, 64] . As recommended by the standard, calculations were performed for a minimal focal spot of 1.5 mrad in diameter, even though the adaptive optics in the system used here should produce a smaller and potentially more hazardous focal spot of ~0.2 mrad. Due to the low efficiency of two-photon compared to single-photon excitation [65] , two-photon processes were neglected in these safety calculations. Calculations of MPEs are detailed in the Appendix. The highest exposure that was tested in this study constitutes 75% of the MPE (2014 ANSI Z136.1). Thus, we have shown that in vivo two-photon retinal imaging can test photoreceptor function (Fig.  8) at light levels below the ANSI MPEs.
An important requirement for in vivo two-photon retinal imaging is the adherence to safety limits, even in the rare case of a scanner failure. For the pulsed laser, the case of repetitive pulses of high frequency assuming a static, diffraction-limited spot at the retina was calculated as described by Delori et al. [46] (see Example D), to estimate the timespan for which such an exposure can be expected to be harmless. In practice, within this time frame a potential scanner failure must be detected and appropriate security measures must be taken. For the higher exposure of 81.7 J/cm 2 , an exposure duration of ~0.4 s is still expected to be safe. For the lower exposure of 20.4 J/cm 2 this safety window is ~6 s which provides sufficient time to activate a mechanical shutter that blocks light going into the eye and to disable the light sources.
Effect of exposures on retinal structure and function
Previous studies of laser safety in animals showed a strong variability in terms of threshold. Therefore, we would like to point out that the inclusion of only two animals presents a limitation of this study.
As a direct measure of retinal function, the time-varying TPEF intensity after dark adaptation was quantified for the tested exposures. As reported previously, with the onset of imaging light, TPEF increased monotonically to a plateau [26] . If exposures to pulsed laser light compromise the visual cycle, the time course of TPEF after dark adaptation would be changed, resulting in altered time constants and/or relative signal increases [28, 66] . No effect of exposures on TPEF time course was detected. Even though the smallest difference that could be reliably detected with this method was around 20%, it is still more localized and sensitive than standard clinical measures of retinal function, such as multifocal ERG. Moreover, the high-resolution images of the photoreceptor mosaic that are acquired simultaneously, confirmed the structural integrity of the exposure site.
The only measure that revealed a significant effect due to exposure to the imaging laser was IRAF intensity. Fundus IRAF is thought to originate mainly from the choroid and RPE with a slightly higher relative contribution of the choroid in older and darkly pigmented subjects [50] . Candidate fluorophores are oxidized melanin [67] and components closely related to melanin. IRAF reduction is most likely not due to a two-photon process since the effect was the same for exposures with longer pulse durations. A decrease in IRAF intensity as a consequence of exposure to IR light was observed in a previous study by Masella et al. [56] , in which exposures were delivered with a continuous wave laser to human retinas. The similarity in imaging wavelength and comparable longevity of IRAF reduction with that reported by Masella et al. [56] suggest that we observed the same photochemical effect here. Possible explanations are therefore the bleaching of melanin or changes in fluorescence efficiency of oxidized melanin secondary to changes in the environment. Radiant exposures delivered to the retina in this study resulted in a stronger decrease in IRAF than exposures by Masella et al., consistent with the ~50% higher melanin absorption at 730 nm used here compared to 790 nm [50] . Masella et al. detected no other effect of light exposure on retinal structure or function [56] when performing Goldmann visual fields, multifocal ERG, and photopic microperimetry. Full recovery of IRAF intensity was observed 21 months after exposure. Masella et al. concluded that the effect was photochemical, however, the exact nature and cause is not yet known. Further research is needed to fully explain this phenomenon. Although the duration of the IRAF reduction effect is of concern, we could not detect a change in the visual cycle, which supports the previous functional results. We did not attempt to define an exposure threshold where IRAF is not reduced. If this effect is photochemical as Masella et al. concluded, it is likely that IRAF will be reduced to some extent after all exposures and any threshold would be indicative only of the minimum sensitivity to measure changes in the IRAF signal.
Future prospect of in vivo two-photon imaging of the human retina
In vivo two-photon ophthalmoscopy in humans has the potential to provide greater insight into normal visual function and retinal disease mechanisms. In the future, it could be used to track retinol creation and clearance as it occurs in the retina after bleach [26, 39] . However, several differences between this feasibility study and its ultimate application to human subjects must be considered.
When measuring visual cycle kinetics in the living human eye, stabilizing the raster scan pattern on the retina is particularly important. Recent advances in real-time eye tracking can perform now with sub-cellular precision and adaptive optics imaging can be achieved routinely in patients with normal and to a certain extent compromised fixation capabilities [68, 69] .
The strongest two-photon signal within the retina arises from the photoreceptor layer when imaging at 730 nm. Hence, two-photon ophthalmoscopy of photoreceptors requires the least light levels and is closest to clinical translation. Ocular physiology between macaques and humans is similar but not equal. The numerical aperture is slightly smaller in humans due to greater axial lengths. Two-photon excitation efficiency depends on numerical aperture to the fourth power and, as a consequence, will probably be reduced by a factor of 1.5-2. Furthermore, visual cycle kinetics reported here are likely to be affected by the use of anesthetics. In rodents, the rate of rhodopsin regeneration can be slowed or even halted depending on the type of anesthesia [28, 70] . In non-anesthetized humans, we therefore expect retinol creation and clearance to occur more quickly than has been measured in anesthetized nonhuman primates.
Potential participants for initial experiments of TPEF ophthalmoscopy in the living human eye are young or middle aged adults with normal fixation and a dilated pupil diameter that is larger than the system pupil of 7.5 mm. As in the present study, measurements would be taken in the temporal periphery, at least 10° from the fovea. Exclusion criteria are any of the following: poor fixation, unclear optical media, any sign of cataract, high refractive errors or aberrations, risk to complications from topically applied dilating agents, retinal disease, photophobia and adverse psychological reactions to flashes of light.
A necessary alteration of the imaging paradigm used in this study is the addition of a visual stimulus that optimally bleaches the targeted photoreceptors. In monkey, this strategy has been successfully employed to determine retinol kinetics from rods after bleach [39] . With further improvement in TPEF detection, necessary exposures could be further reduced which will reduce stimulation of cone photoreceptors by the imaging laser and leave more room for TPEF evoked by brief visual stimuli. Two-photon ophthalmoscopy therefore promises the ability to biochemically characterize the performance of the visual cycle in different photoreceptor classes. Eventually, the efficiency of two-photon ophthalmoscopy may reach a level where imaging of retinal layers other than the photoreceptor mosaic becomes feasible. Apart from retinol, other important fluorophores like NAD(P)H, FAD, collagen, elastin and lipofuscin are excitable in the UV range. Many of these fluorophores are abundant in all living cells and can provide contrast throughout the retina [21, 25] . In this way, structures that appear translucent when imaged with confocal reflectance ophthalmoscopy, such as cell nuclei in the outer and inner nuclear layer, could be visualized. Focusing in the inner retina could allow estimates of ganglion cell numbers and possibly the assessment of ganglion cell health in the living human eye. In vivo two-photon retinal imaging is therefore likely to become of tremendous clinical value in revealing retinal status.
Appendix
Threshold calculations for mechanical damage
Ultrashort pulsed lasers emit peak powers that have the potential to cause mechanical damage. On the one hand, the nonlinear dependence of the refractive index on irradiance can cause self-focusing of the laser beam. In the extreme case, the beam diameter is decreased below the diffraction limit. On the other hand, high peak powers can cause ionization and thus plasma formation. Plasma has absorptive properties that are different from those of ordinary gases. Here, the critical power for self-focusing and plasma formation was calculated and compared to the estimated peak power when exposing the retina to an average power 1 avg P mW = at a wavelength 730 nm λ = .
a) Laser peak power
Assuming Gaussian pulse shapes, the peak power of the ultrafast laser used in this study is 0.94 214
with the pulse repetition frequency 80 
c) Plasma formation
The irradiance threshold for plasma formation in the femtosecond laser pulse regime in ocular media is calculated following the example of Cain et al. [61] by using the first order model of Kennedy [74, 75] , with special attention to Kennedy, 1995 sections IV D and V F. For the ultrashort pulse regime, this model is based on the theory of multiphoton ionization in condensed media [76] . The irradiance threshold for multiphoton breakdown as derived by Kennedy is:
with cr ρ being the critical free electron density explained below, These values are much higher than the maximum peak power of 214 W (corresponding to the 81.7 J/cm 2 exposure) tested in this study. Using this model to calculate the free electron density generated with the tested exposure at the focal spot by rearranging Eq. (3), every laser pulse with a peak power of 214 W generates 10 
12
⋅ free electrons/cm 3 . If damage was observed following such exposures, this would most likely be a photochemical, rather than a photomechanical effect.
ANSI maximum permissible exposures
Light safety calculations were determined according to previously published maximum permissible exposure (MPE) estimates for AOSLOs [43, 64] and pulsed lasers [64] . All calculations were based on the most recent ANSI standard for the safe use of lasers [42] . The TP-AOSLO used in this study exclusively employed wavelengths exceeding 700 nm. As a consequence, only thermal thresholds have to be taken into account. Given the comparatively low probability of a nonlinear versus a single-photon event, two-photon processes are not considered in this section. Exposure limits calculated here together with all relevant parameters are presented in Table 3 .
a) Thermal limit of a continuous beam uniformly distributed over the entire field
The MPE in Watts is given in (ON-ratio 100%) . During the total exposure, this occurs F t ⋅ times. Since the total number of pulses n m F t = ⋅ ⋅ exceeds 40, the multiple pulse exposure correction factor P C is 0.4. In this case, the MPE is given as:
, 7 m i n 1.8 10
with A C , * E C and ,7 P A being the same as in section 2a) of the Appendix. the smaller macaque eye, assuming that macaque and human retina are equally sensitive to damage. Since the peak irradiance is limited to the peak irradiance of a 100 fs pulse, we implemented another correction factor 55 100 C τ = that scales the MPEs by the ratio of actual pulse duration to 100 fs. For the 20.4 J/cm 2 exposure, the minimum required exposure for two-photon imaging, the corrected sum of the ratios yields 4 Figure 10 shows the maximum permissible average power at the pupil according to the calculations detailed here and the exposures tested in this study. Fig. 10 . The red curve shows the maximum average power of the pulsed laser that is permitted versus exposure time when keeping the same parameters for imaging as used in the described experiment. The blue (20.4 J/cm 2 ) and orange (81.7 J/cm 2 ) squares mark the exposures that were tested in this study.
d) Simulating the case of a scanner failure
Simulations of a static ultrashort pulse laser beam focused on the retina in a diffraction limited spot are presented here, to estimate the time window for security measures to become activated after a possible scanner failure. The thermal limit of repetitive pulses of very high frequency was calculated following Delori et al. [64] (see Example D). 
with ,7
P
A being the same as defined in section 2a.
Assuming that the reaction time for safety features to be activated is on the order of seconds, the thermal average power limit of a continuous exposure for a duration t between 5·10 −6 and 10 s is: 
For ultrashort laser pulses, the thermal average power is always the limiting MPE. By rearranging Eq. (8), the maximum duration max t for which the average power at the pupil is safe can be determined: 
